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Contrary to previous observations that fish genomes are devoid of nuclear mitochondrial pseudogenes, a genome-wide survey identified a large
number of “recent” and “ancient” nuclear mitochondrial DNA fragments (Numts) in the whole-genome sequences of the fugu (Takifugu rubripes),
Tetraodon nigroviridis, and zebrafish (Danio rerio). We have analyzed the latest assembly (v4.0) of the fugu genome and show that, like the
Anopheles genome, the fugu nuclear genome does not contain mitochondrial pseudogenes. Fugu assembly v4.0 contains a single scaffold
representing the near complete sequence of the fugu mitochondria. The “recent” Numts identified by the previous study in fugu assembly v2.0 are
in fact shotgun sequences of mitochondrial DNA that were misassembled with the nuclear sequences, whereas the “ancient” Numts appear to be
the result of spurious matches. It is likely that the Numts identified in the genomes of Tetraodon and zebrafish are also similar artifacts. Shotgun
sequences of whole genomes often include some mitochondrial sequences. Therefore, any Numts identified in shotgun-sequence assemblies
should be verified by Southern hybridization or PCR amplification.
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Fragments of mitochondrial DNA (mtDNA) encountered in
the nuclear DNA of eukaryotes are referred to as “nuclear
mtDNA” or Numts [1]. Numts are the result of transfer of
mtDNA to the nucleus and are believed to be part of an ongoing
process of transfer of functional mitochondrial genes from
mitochondrion to nucleus. A likely mechanism for the origin of
Numts is through nonhomologous recombination between the
nuclear genomic DNA and fragments of damaged mtDNA that
invade the nucleus. Numts often undergo amplification after
insertion into the nuclear DNA through tandem duplications [2].
Unlike in plants, the mitochondrial genetic code in animals
differs from the universal genetic code. As a result, Numts of
protein-coding genes end up as pseudogenes in animal nuclear
genomes. Mitochondrial pseudogenes can be recognized by
their similarity to homologous sequences in the mitochondria,
with the level of similarity being inversely related to their age.⁎ Corresponding author. Fax: +65 6779 1117.
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doi:10.1016/j.ygeno.2005.11.007Numts have been detected in a wide taxa of eukaryotes
all the way from protozoa to plants and higher vertebrates
[3,4]. However, the abundance of Numts exhibits wide
variation across taxa, ranging from zero copies in the
Anopheles genome to more than 1000 copies in the human
and rice genomes [4]. The genomes of fission yeast and
budding yeast contain approximately 20 copies of Numts,
whereas the Plasmodium, nematode worm and fruit fly
genomes contain less than 5 copies [4]. Teleost fishes
(Teleostei), a monophyletic group of ray-finned fishes
(Actinopterygii), are the largest group of vertebrates. With
approximately 24,000 species, they account for more than
half of the extant vertebrates [5]. Although previous attempts
to identify Numts in diverse species of teleosts had failed
[3], a recent genome-wide analysis of the fugu (Takifugu
rubripes) (assembly version v2.0) reported the presence of
several Numts in this teleost fish [4]. Further investigations
of this fugu genome assembly and the whole-genome
sequences of two other teleost fishes, Tetraodon nigroviridis
and zebrafish (Danio rerio) [6], discovered 337, 341, and
481 Numts, respectively, in these genomes, indicating that
teleost nuclear genomes are as permissive to Numts as other
vertebrate genomes.
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was generated based on 8.7× coverage sequences (http://www.
fugu-sg.org/ and http://genome.jgi-psf.org). We have carried out
a thorough search for Numts in this assembly and found that the
fugu nuclear genome does not contain any Numts. The Numts
identified in the previous assembly of fugu [4,6] are in fact
shotgun sequences of mtDNA that were misassembled with the
nuclear genome sequences. Our study highlights the need to
verify the authenticity of Numts identified in whole-genome
sequence assemblies.
Results and discussion
The Fugu assembly v2.0 (http://www.ensembl.org) contains
8597 scaffolds representing 329 Mb of the 400-Mb fugu
genome. It was generated based on 5.5× coverage of whole-
genome shotgun sequences of the fugu genome. Antunes and
Ramos [6] identified 2 recent Numts in this fugu assembly
based on BLASTN searches with a threshold e-value of
e = 10−4. They also identified 335 ancient Numts by TBLASTN
searches using protein sequences encoded by the fugu
mitochondrion with a threshold e-value of e = 10−4 and a
range of block substitution matrices (BLOSUM62, BLO-
SUM80, and BLOSUM100). We did similar BLASTN and
TBLASTN searches of the new fugu assembly, v4.0 (http://
www.fugu-sg.org). This assembly was generated from 8.7×
coverage sequences and comprises 7213 scaffolds spanning 393
Mb. With 90% of the genome represented on 1118 scaffolds,
this assembly has a much better coverage of the genome than
the previous assembly.
The BLASTN search identified a single scaffold (scaf-
fold_2317) in the new fugu assembly (Fig. 1). This scaffold is
16.62 kb long and contains two gaps of 184 and 108 bp in
length. Alignment of this scaffold sequence with the whole
mitochondrial sequence of fugu (16.44 kb) showed that it
contains only mitochondrial sequence and represents the nearly
complete sequence of the fugu mitochondrion. It appears that
the genomic DNA preparation used for generating whole-
genome shotgun sequences contained some mtDNA and the
mtDNA-derived shotgun sequences were assembled into a
single scaffold. Of the two gaps in this scaffold, one is actually
shorter (131 bp) than that predicted in the assembly and the
other is an assembly artifact. Thus, the actual size of this
scaffold is only 16.30 kb. Overall, this scaffold exhibits 99.3%
identity to the fugu mitochondrial sequence. Some of the
mismatches are due to the ambiguous base calls (Ns) in the
assembly, presumably due to the poor quality of the sequences.
The other differences could be due to polymorphisms in theFig. 1. Ensembl annotation of Fugu scaffold 2317 (genome assembly v4.0; http:/
mitochondria. This scaffold is 16.62 kb long and contains two gaps (184 and 108 bp).
mitochondrion (GenBank Accession No. NC_004299) showed that the first gap shomitochondrial sequences. The above analysis indicates that the
fugu nuclear genome does not contain any recent Numts. Then
where did the recent Numts identified by Antunes and Ramos
[6] in the fugu assembly v2.0 come from? These Numts are
likely to be shotgun sequences of the fugu mitochondrion that
were misassembled with the nuclear DNA sequences. Such a
misassembly could have resulted from a lower coverage of the
mitochondrial sequences in assembly v2.0. In the whole-
genome shotgun sequencing strategy, the efficiency and
contiguity of the assembly largely depend on the fold coverage
of the genome [7]. The higher the coverage, the longer are the
contigs, resulting in a higher representation of the genome.
Fugu assembly v2.0 was based on ∼5.5× coverage of the fugu
genome, whereas the new assembly (v4.0) is based on ∼8.7×
coverage. A better coverage of mitochondrial sequences in the
new assembly seems to have facilitated an accurate assembly of
the complete mitochondrial sequence in a single scaffold.
Our search for ancient Numts in the new fugu assembly
using TBLASTN with both BLOSUM62 and BLOSUM80
identified 15 alignments (nonoverlapping HSPs), all located on
mitochondrial genome (scaffold_2317). However, BLO-
SUM100 identified a much larger number of alignments
(15,634) spread on 1001 scaffolds including (scaffold_2317).
Similar analysis of fugu assembly v2.0 with BLOSUM62, 80,
and 100 identified 7 (two scaffolds), 8 (two scaffolds), and 5582
(1964 scaffolds) alignments, respectively. A closer look at the
alignments suggested that some of them may be spurious hits as
they showed homology mainly to low-complexity sequences.
To verify this, we searched the fugu genome sequences for some
of these alignments against the NR protein database at NCBI
using the BLASTX algorithm. None of them (except those on
the mitochondrial genome scaffolds) showed any similarity to
mitochondrial protein sequences from either fugu or other
eukaryotes. For comparison, we searched the Escherichia coli
genome with each of the 13 fugu mitochondrial protein
sequences using the TBLASTN algorithm (SEG filter ON and
e-value cutoff at e = 10−4) with BLOSUM100. To our surprise,
a TBLASTN homology search identified 580 alignments
spanning a total of 300 kb of E. coli genome. Although some
of these matches could be against mitochondrion-related
proteins in E. coli, the remaining large numbers of alignments
are unlikely to be related to mitochondrial protein sequences.
This indicates that BLOSUM100 is not suitable for reliably
identifying homologous sequences in genome sequences.
Antunes and Ramos have identified up to 5621 “alignments”
corresponding to ancient Numts in fugu assembly v2.0 using
TBLASTN with BLOSUM100. The youngest of these Numts,
with an estimated age of 21.1 Myr, has been identified as an/www.fugu-sg.org), which contains the nearly complete sequence of the fugu
Alignment of this scaffold sequence with the whole-genome sequence of the fugu
uld be only 131 bp and the second gap is an artifact.
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kb long and the TBLASTN alignment corresponding to ATP6
matches sequences between 3000 and 4230 bp. To determine
whether this region contained any signature for the ATP6
protein sequence, we searched it against the NCBI NR protein
database using BLASTX and found that it does not show
significant similarity to any known mitochondrial or other
eukaryote protein sequences. In fact, a BLASTX search of the
entire scaffold sequence does not show significant similarity to
any known mitochondrial protein sequence. Since this Numt is
supposed to be the youngest of the ancient Numts, it is unlikely
that the other ancient Numts identified in this study contain any
signature sequence for mitochondrial protein sequences. We
therefore believe that the ancient Numts identified by Antunes
and Ramos [6] are the result of spurious matches due to the
lower stringency parameters used for the homology search.
Based on our analysis, we conclude that the fugu nuclear
genome does not contain any mitochondrial pseudogenes.
Like the fugu genome sequence, the Tetraodon genome
sequence was also largely based on whole-genome shotgun
sequences. Approximately 8× coverage sequences were used
for generating the first “draft” assembly comprising 25,773
scaffolds. Approximately 2500 of these scaffolds were joined
using linkage data derived from BAC sequences and
alignment with fugu assembly (v2.0) to generate 128
“ultracontigs” covering 81% of the assembly. Thirty-nine of
the ultracontigs were then anchored to 21 Tetraodon
chromosomes by fluorescence in situ hybridization [8]. To
verify whether the recent Numts identified by Antunes and
Ramos [6] in the Tetraodon assembly have been assigned to
ultracontigs and chromosomes, we searched the Tetraodon
assembly for the Numt-containing scaffolds. None of the
scaffolds identified by Antunes and Ramos [6] belong to any
of the ultracontigs. In fact, they have been merged with a
171-Mb large scaffold, which is annotated as an “unknown
random” sequence (chromosome:TETRAODON7:Un_ran-
dom:1:171761319; http://www.ensembl.org/). Thus, it is not
clear whether these recent Numts are real Numts or fragments
of the Tetraodon mitochondria. Our analysis of the fugu
genome suggests that the “ancient” Numts identified in the
fugu assembly are the result of spurious matches to
mitochondrial protein sequences. It is possible that the
“ancient” Numts identified by Antunes and Ramos [6] in
the Tetraodon genome are also similar artifacts. Like the fugu
and Tetraodon genome sequences, the draft genome sequence
of the zebrafish is also based on whole-genome shotgun
sequences. However, the zebrafish genome sequence is still
incomplete and the assembly is undergoing considerable
changes (http://www.ensembl.org). Therefore, it remains to be
seen whether the recent Numts identified in the previous
zebrafish draft genome assembly are real Numts or fragments
of mitochondrial sequences. Completion of the zebrafish
genome sequence should help to resolve this question.
Analysis of eukaryote genomes that have been completely
sequenced has indicated that the copy number and length of
Numts vary even among closely related taxa. For example,
Drosophila contains six copies of Numts, whereas theAnopheles genome is completely free of Numts. A more
dramatic variation is found between human and mouse
genomes, which are of comparable size. The human genome
contains approximately 1350 Numts with a total length of 279
kb, whereas the mouse genome harbors only 190 Numts
spanning 53 kb [4]. The factors contributing to such wide
variations in the abundance of Numts are not known at present.
Since the genomes of both fugu and Tetraodon are among the
smallest vertebrate genomes [8,9], it is tempting to speculate
that the mechanisms responsible for the compact genomes of
these fishes, such as a higher rate of deletion mutations in
noncoding sequences [9] and a reduced rate of large
insertions [10], might have been effective in eliminating
Numts from the nuclear DNA. However, if the zebrafish and
other teleosts are also devoid of Numts as suggested by
earlier studies [3], it is likely that teleost fishes as a group are
impervious to the transfer of mtDNA to the nuclear DNA.
Epigenetic factors, such as the copy number of mitochondria
in germ cells and the vulnerability of mitochondria to stress
and rupture of DNA [2–4], may influence the abundance of
Numts in teleost genomes.
Our study highlights the challenges in using whole-genome
sequence assemblies generated through the whole-genome
shotgun sequencing strategy for identifying Numts. Unless
special precautions are taken to eliminate mtDNA, genomic
DNA preparations often contain mtDNA. As a result whole-
genome shotgun sequences may include some mitochondrial
sequences. It is advisable to filter out paired end sequences that
contain only mtDNA sequences before generating the whole-
genome assembly. If any putative Numts are identified in whole-
genome sequence assemblies, their authenticity should be
verified either by isolating genomic clones bearing Numts or
by Southern hybridization of genomic DNA using probes
straddling the Numt sequence and its flanking genomic
sequence. A convenient method to verify the authenticity of
Numts is by PCR amplification of genomic DNA using primers
complementary to the genomic DNA flanking the putative
Numts. In the light of our findings that the Numts in draft
genome assemblies of some fishes are actually fragments of
native mtDNA, it may be worthwhile to validate the authenticity
of Numts identified in the whole-genome sequences of other
eukaryotes [4].Materials and methods
The latest fugu genome assembly v4.0 was generated from 8.7× coverage
sequences and comprises 7213 scaffolds spanning 393 Mb of the 400-kb fugu
genome (http://www.fugu-sg.org and http://genome.jgi-psf.org). We searched
for recent and ancient Numts in the fugu assembly following the same protocol
described by Antunes and Ramos [6]. Recent Numts exhibit significant
similarity at the nucleotide level to the native mitochondrial sequence, whereas
ancient Numts are more divergent from the mitochondrial sequence [6]. Recent
Numts were searched by the BLASTN algorithm using the whole mitochondrial
sequence of the fugu (GenBank Accession No. NC_004299) as a query with an
expectation cutoff score of 10−4. ATBLASTN algorithm (with or without a SEG
filter) was used to search for ancient Numts using each of the 13 protein
sequences encoded by the fugu mitochondrion as queries with an expectation
threshold value of 10−4 and BLOSUM matrices 62, 80, and 100. The Tetraodon
assembly version TETRAODON7 at http://www.ensembl.org was similarly
310 B. Venkatesh et al. / Genomics 87 (2006) 307–310searched for recent and ancient Numts. Since the complete mitochondrial
sequence for Tetraodon is not available, fugu mitochondrial sequence was used
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